The aims of this study were to assess the effectiveness of calcium silicate cement (Biodentine) versus glass ionomer cement (GIC; control group) as indirect pulp capping materials in patients with reversible pulpitis and to compare the effectiveness of cone beam computed tomography (CBCT) versus periapical (PA) radiographs in detecting PA changes at baseline (T0) and at 12 mo (T12) postoperatively. Seventy-two restorations (36 Biodentine, 36 Fuji IX) were placed randomly in 53 patients. CBCT/PA radiographs were taken at T0 and T12. Two calibrated examiners assessed the presence/absence and increase/decrease in the size of existing PA radiolucencies under standardized conditions. The Kappa coefficient evaluated statistically the effectiveness of CBCT versus PA radiographs in detecting PA changes. Chi-square/Mann-Whitney tests were used to evaluate the association between PA changes in CBCT with various clinical measures. Significance was predetermined at α = 0.05. Clinical success rates for Biodentine and Fuji IX GIC were 83.3%. CBCT was significantly more effective in detecting PA radiolucencies compared with radiographs (P = 0.0069). Of the teeth, 65.4% and 90.4% were deemed healthy using CBCT and PA radiographs, respectively, at T12. Healing/healed rates were 17.3%/0%, while new/progressed radiolucency were 30.8%/9.6% with CBCT/PA radiographs, respectively. Seventy-one percent of healed lesions had received Biodentine; 88% of new/progressed lesions received Fuji IX GIC. Teeth presenting with an initial CBCT PA lesion had a failure rate of 63%, whereas teeth with no initial lesion had a failure rate of 16%. Although no statistically significant difference was detected in the clinical efficacy of Biodentine/Fuji IX when used as indirect pulp capping materials in patients with reversible pulpitis, CBCT showed a significant difference in that most healed CBCT lesions had received Biodentine while most that did not heal received Fuji IX. Longer-term follow-up is needed to establish their effect on the healing dynamics of PA tissues (ClinicalTrials.gov NCT02201641).
Introduction
There is no reliable objective method of evaluating clinically the extent of pulp inflammation and/or its pathological condition. Identifying reversible/irreversible pulpitis relies on patients' subjective descriptions of symptoms, pulp sensibility testing, and radiographic examination (Bjørndal 2002; Pitt Ford and Patel 2004) . In addition, treating deep carious lesions can prove to be challenging especially when approaching the pulp as an increased risk of pulp exposure reduces the predictability of the treatment outcome (Barthel et al. 2000; Bjørndal et al. 2010; Dammaschke et al. 2010) . Indirect pulp capping (IPC) is one treatment modality that maintains pulp vitality by facilitating healing/repair (Tziafas et al. 2000) . Calcium silicate cements (Biodentine; Septodont, Saint Maur des Fosses, France) can be used both for pulp capping and provisional restoration. Biodentine encourages dentine bridge formation with no inflammatory pulp response through secretion of transforming growth factor (TGF)-b1 (Laurent et al. 2012; Zanini et al. 2012; Nowicka et al. 2013) . Glass ionomer cements (GICs) are used as liners/sealers and dentine replacement materials in the sandwich technique with no pulp exposure (Sidhu 2011) . They exhibit biocompatibility with minimal cytotoxic effect when used indirectly over the pulp (Hume and Mount 1988; Six et al. 2000) . Fuji IX (GC Corporation, Tokyo, Japan) contributes to carious dentine remineralization by releasing fluoride and strontium ions (Ngo et al. 2006) .
Cone beam computed tomography (CBCT) is more sensitive than intraoral periapical (PA) radiography in detecting PA radiolucencies in teeth subsequently requiring root canal 571415J DRXXX10.1177/0022034515571415Journal of Dental ResearchEfficacy of Calcium Silicate Indirect Pulp Capping research-article2015 treatment (Estrela et al. 2008; Patel et al. 2009; Paula-Silva et al. 2009; Patel et al. 2012) . To date, the ability of CBCT to detect PA changes longitudinally in teeth diagnosed clinically with reversible pulpitis, after minimally invasive (MI) treatment, has not been determined.
This randomized controlled clinical trial following CONSORT guidelines investigated the dentine-pulp response to calcium silicate cement in teeth with reversible pulpitis symptoms compared with GIC clinically. It also assessed the effectiveness of CBCT in detecting early PA changes associated with reversible pulpitis, which may not be detected using PA radiographs, and to monitor any changes over a 1-y period posttreatment. The null hypotheses were the following: there is no clinical difference in the dentine-pulp response between Biodentine and Fuji IX, and there is no difference in the effectiveness of CBCT versus PA radiographs in detecting PA lesions following IPC in patients with symptoms of reversible pulpitis.
Materials and Methods

Study Design and Sample Size
This single-blinded, 2-arm, randomized controlled clinical trial compared calcium silicate cement (Biodentine, Septodont) as the test material and GIC (Fuji IX GP; GC Corporation, Alsip, IL, USA) as the control. The study was not operator blinded because of the different clinical consistency and appearance of the 2 materials.
The study was conducted in compliance with the principles of the Declaration of Helsinki and Good Clinical Practice after approval from the London Westminster research ethics committee (11/LO/1893). Patient information sheets were distributed and informed written consent obtained prior to study commencement. Based on the work of Falster et al. (2002) , this investigation was designed to have 80% power to detect a difference between the 2 materials, whose proportion of failures were assumed to be 1% and 22% over a period of 1 y. A sample size of 72 restorations to detect differences at the 5% level of significance using the z test for testing 2 independent proportions was calculated with an anticipated loss to follow-up of 10% included.
On recruiting patients from King's College Dental Institute at Guy's Hospital, London, randomization was performed centrally by the Biostatistics Unit using tabular randomization, with the unit being the tooth. Cavity size (1 wall, 2 walls, or more) was considered a prognostic factor and taken into consideration during randomization. Inclusion and exclusion criteria are presented in Table 1 . The intensity of the pulp symptoms was recorded. Patients' descriptions of sensitivity to hot, cold, and sweet lasting up to 15 to 20 s and settling spontaneously were considered mild, while increased pain for more than several minutes and needing pain killers were considered severe. Teeth with symptoms of irreversible pulpitis including persistent dull throbbing pain, sharp spontaneous pain, or pain exacerbated by lying down were excluded. In addition, patients were withdrawn from the study if pulp exposure occurred during the baseline operative intervention.
Interventions
The single operator was trained to standardize the MI operative procedures. Methods of clinical assessment included electric pulp test (Kerr Vitality Scanner 2006; SybronEndo, Orange, CA, USA) and thermal test (Roeko Endo-Frost, Coltène/Whaledent, Germany), palpation and percussion, and the presence of signs of inflammation (pain, abscess, sinus tract, and abnormal mobility). PA radiographs were taken at baseline (T0) and assessed to exclude any signs of irreversible pulpitis (widening of periodontal ligament [PDL] or PA lesions). A CBCT was taken at T0 but not assessed at this stage to avoid bias in the diagnosis.
Under local anesthesia and rubber dam isolation, using a standardized MI operative protocol, superficial, soft, infected dentine was excavated using carbon-steel rose-head burs (Ash Instruments, Dentsply, Gloucester, UK) in a slow-speed WA56A handpiece (W&H Dentalwerk Bürmoos GmbH, Bürmoos, Austria) and hand excavators after gaining suitable access through the cavitated enamel using a high-speed TA-98 handpiece (W&H Dentalwerk GmbH) under copious irrigation. Deeper caries-infected/affected dentine present more than three-quarters into dentine (Bjørndal 2008) was removed using chemo-mechanical gel and hand instrumentation (Carisolv; Rubicon Lifesciences, Gothenburg, Sweden) to help maintain consistency in the quantity of caries removed between the different teeth. Residual caries-affected dentine was retained on the pulp aspect of the cavity, as any additional excavation would lead to pulp exposure (Kerkhove et al. 1967) .
Material randomization was accomplished following caries removal and identifying the cavity size. Each tooth was 
Radiographic Assessment
Digital PA radiographs using Vistascan phosphor plates were taken with a dental X-ray unit (Heliodent; Sirona, Bensheim, Germany) using a paralleling technique with Rinn film holders permitting standardization, in addition to small-volume (40 mm 3 ) CBCT scans at 0.125-mm resolution and no dosereduction programming (Accuitomo; J Morita Corporation, Osaka, Japan). Exposure parameters at T0/T12 were standardized for each patient. For each tooth, the CBCT scan that best confirmed the presence/absence of PA radiolucency in the sagittal, coronal, and/or axial planes was selected, following manipulation of the data set to optimize slice position by an experienced clinician. The PA/CBCT images were viewed as a keynote presentation (Apple, Cupertino, CA, USA) on a computer (MacBook Pro; Apple), with a 15.5-inch backlit LED screen (1680 × 1050 pixel resolution) in a quiet, dimly lit room. A consensus panel of 2 trained, calibrated experienced endodontists assessed the CBCT/PA radiographs jointly. The reliability of the consensus panel was evaluated by jointly repeating the assessment of radiographic images after 4 wk. The interexaminer agreement was evaluated by individual randomized assessment of 50% of the PA/CBCT images and repeated after 4 wk.
The paired images of the roots of each tooth were viewed together by examiners blinded as to which image was taken at T0/T12. Each root was examined for the presence, absence, and change (increase/decrease) in size of any PA radiolucency. A PA radiolucency referred to widening of the PDL space or a PA lesion. Widening of the PDL space was defined as less than double that of the equivalent healthy PDL space of the adjacent healthy tooth. A PA lesion was defined as radiolucency associated with the radiographic apex of the root, ≥2 times the width of the PDL space (Low et al. 2008; Bornstein et al. 2011 ).
Statistical Analysis
The first outcome of the study was a binary variable indicating whether the restored tooth failed to maintain its vitality at T12. Clinical success was evaluated by a positive response to cold/ electric pulp testing, absence of spontaneous pain, negative sensitivity to percussion, absence of sinus/fistula/swelling and abnormal mobility, and absence of PA radiolucencies as determined by PA radiographs. The second outcome was that CBCT scans could either detect or not the presence of early PA lesions in patients with symptoms of reversible pulpitis.
Descriptive statistics summarized various study characteristics and outcome variables. Using IBM SPSS Statistics version 22 (IBM, Armonk, NY, USA) for the clinical results, a χ 2 test/Fisher's exact test assessed the association between pulp vitality and material, extent of cavity, intensity of symptoms, and gender. Logistic regression analyzed the effect of these variables on vitality. Radiographic analysis included kappa values to assess intraconsensus panel and interexaminer agreement. The χ 2 tests assessed the association between the presence of PA lesions and variables including material, extent of cavity, intensity of symptoms, and gender. Sensitivity, specificity, positive and negative predictive values, and overall diagnostic accuracy were calculated using CBCT results as a reference standard. The significance level was set to P < 0.05.
Results
Clinical Assessment
Seventy-two restorations (36 Biodentine and 36 Fuji IX) were placed in 53 patients (21 [39.6%] women and 32 [60.4%] men) with a limit of 2 restorations per patient. The patients' age ranged from 18 to 76 y (median, 28 y). Eighty-five percent of restorations were placed in molars. The clinical success rates for both Biodentine and Fuji IX were equal (83.3%). Twelve teeth lost vitality by T12 (6 Biodentine/6 Fuji IX). Among 53 patients, 5 patients with 6 restorations dropped out of the trial by failing to attend subsequent appointments (Fig. 1) . The total number of teeth analyzed excluded the dropouts (n = 66).
The χ 2 test/Fisher's exact test showed no significant statistical differences between pulp vitality and type of restorative material used (P = 0.91), cavity extent (P = 0.41), gender (P = 0.33), or age (P = 0.99). The distribution of symptom intensity between each material at T0 was not equal (see Table 2A ). A significant correlation was found between pulp vitality and symptom intensity (P = 0.007). In patients suffering from mild reversible pulpitis at T0, 4 teeth (9.75%) became nonvital at T12, whereas in patients suffering from severe symptoms of reversible pulpitis at T0, 8 teeth (32%) became nonvital.
Radiographic Assessment
Fifty-two paired (T0+T12) CBCT and PA radiographs were analyzed. Six teeth had no T0 or T12 CBCT scans taken, whereas 8 teeth had no T12 CBCT scan. CBCT was statistically significantly more effective at detecting PA changes compared with radiographs (P < 0.05). Of the teeth, 65.4% and 90.4% were deemed healthy using CBCT and PA radiographs, respectively, at T12. Healing and healed rates were 17.3% and 0% (Fig. 2) , respectively, whereas new/progressing radiolucencies were 30.8% and 9.6% with CBCT and PA radiographs, respectively (Fig. 3) . A significant difference (P = 0.02) was observed between teeth with healing/healed lesions identified using CBCT receiving Biodentine (71%) and those with new/progressed lesions receiving Fuji IX (88%). No significant difference was found in the development of T12 lesions between teeth with mild and severe symptoms within each material (P > 0.05; Table 2A ).
Of all teeth, 51.6% had signs of CBCT PA radiolucency at T0 and 26.6% had a PA lesion (Table 2B) . Teeth presenting with a CBCT PA lesion at T0 had a failure rate of 63%, whereas teeth with no lesion at T0 had a failure rate of 16%. This was statistically significant (P = 0.02).
Correlations between CBCT PA changes and symptom intensity, cavity size, material, and patient age were not significant (P > 0.05).
Kappa values for intraconsensus agreement were 0.68 and 0.66 for CBCT and PA radiographs, respectively, and the interexaminer agreement was 0.53 and 0.26. Sensitivity, specificity, positive and negative predictive values, and overall diagnostic accuracy of PA radiographs were calculated, using CBCT as the gold standard (Table 3 ).
Discussion
In this study, the efficacy of Biodentine was compared with that of Fuji IX when used as an IPC agent in patients diagnosed clinically and radiographically with reversible pulpitis. The materials were selected as they have similar clinical applications in terms of being used as restorative dentine replacements and as provisional bulk restorative materials in deep cavities. It was found that both materials shared similar clinical T12 success rates of 83.3%. GICs are acidic in nature, releasing fluoride and calcium/strontium ions (Watson et al. 2014) . In Biodentine, the alkaline caustic effect causes degradation of the collagenous component of the underlying dentine, leading to formation of porosities that enable diffusion of high concentrations of calcium, hydroxyl, and carbonate ions, leading to increased mineral deposition (Atmeh et al. 2012; Watson et al. 2014 ).
There are no randomized clinical trials comparing these 2 materials. The only clinical study in which Biodentine was used to restore deep cavities with no pulp exposure reported a high success rate for the material at 3 y (Koubi et al. 2013) . Although pulp vitality was monitored in this study, its use as an IPC agent was not a primary outcome and was not controlled.
The boundary between severe symptoms of reversible pulpitis and irreversible pulpitis is blurred as the degree of pain does not necessarily reflect pulp histopathology. Studies have reported that the more severe the pain, the worse the histopathosis (Bender 2000; Aguilar and Linsuwanont 2011) ; however, that is not always the case (Mejare et al. 2012) . Nevertheless, reports of symptom intensity are subjective, and patients seeking treatment can exaggerate its intensity. In this study, patients were interviewed exactingly about their symptoms by explaining how their descriptions might affect the treatment they received. Results showed a significant positive correlation between symptom intensity and treatment outcome. Teeth that became nonvital following treatment tended to express more severe baseline symptoms compared with others at T0. A diagnosis of reversible pulpitis depends on the absence of apical periodontitis determined using PA radiographs. However, early histological changes in the PA hard tissues are not visible easily using PA radiographs (Patel et al. 2009 ).
CBCT overcomes this issue, and indeed, 51.6% of the teeth had signs of T0 PA change when viewed using CBCT and 26.6% had PA lesions. This is consistent with histological studies demonstrating the presence of chronic pulp inflammation without symptoms or clinical/conventional radiographic signs of the true state of pulp pathosis (Hilton 2009 ).
Of 26.6% teeth with T0 CBCT PA lesions, 38% healed following MI IPC as they were vital with a blood supply fundamental for generating repair and periradicular healing (Torabzadeh and Asgary 2013) . In 2 previous studies, teeth diagnosed clinically with irreversible pulpitis and PA lesions observed in PA radiographs showed healing of the PA tissues following IPC (Jordan et al. 1978; Torabzadeh and Asgary 2013) . In another study, vital teeth with PA radiolucencies observed in PA radiographs and planned for endodontic therapy or extraction were treated with either direct or IPC (Moore 1967) . The results showed the pulp capable of repair with absence of PA radiolucencies and normal vitality after a period varying from 6 to 36 mo. General consensus states that PA involvement demonstrated radiographically indicates total pulp necrosis or irreversible pulpitis. However, early PA pathosis may not necessarily indicate total pulp necrosis, and the disease may be limited to the pulp chamber with inflammatory cells and vasodilation in the apical pulpal tissue (Çaliskan 1995) . Therefore, to avoid overtreatment, minor changes such as widening of the PDL space should not necessarily contraindicate MI pulp vitality preservation procedures including IPC.
In this study, the majority of teeth with healed PA lesions received Biodentine, whereas teeth with new/progressing lesions received GIC. Teeth with baseline severe symptoms of reversible pulpitis had received more GIC restorations compared with Biodentine as symptom intensity was not considered during the material randomization. However, the distribution of symptom severity in lesions in the GIC group at T12 was almost equal. This association may be explained by the release of silica ions from Biodentine into the underlying dentine, a recognized promoter of remineralization in addition to its high alkalinity, which enhances apatite formation and remineralization (Watson et al. 2014) . Furthermore, its ability to modulate pulp cell TGF-β1 secretion helps induce reparative dentine synthesis (Laurent et al. 2012; Zanini et al. 2012; Nowicka et al. 2013 ). However, this result must be interpreted with caution, as the experimental numbers were low, although statistically significant (P = 0.02).
The CBCT interexaminer agreement was better than for PA radiographs, conforming to studies assessing PA radiolucencies (Sogur et al. 2009; Lennon et al. 2011; Patel et al. 2012) , confirming the superior reliability of CBCT in detecting PA radiolucency compared with PA radiographs. Both examiners were specialists in the use of CBCT and detection of radiographic signs of apical periodontitis. The radiographic techniques and viewing conditions were standardized. Viewing sessions were kept as short as possible to reduce examiner fatigue (Patel et al. 2012) . Unlike previous studies, this study assessed vital teeth that underwent MI IPC as opposed to root canal treatment. The PDL space can demonstrate significant natural variation, and widening viewed in CBCT images may be considered an initial sign of disease or a variation of health. Therefore "moderate"/"fair" variability in agreement can be attributed to the practical difficulty in discerning between a healthy (slightly wide) PDL space and pathological widening. This concurs with another study comparing CBCT and PA (Pope et al. 2014) . Moreover, interexaminer agreement is subject to wide variation and can be as low as 25% even between the most experienced examiners (Sogur et al. 2009; Tewary et al. 2011) . This reflects the complexity of the decision-making process and the diagnostic difficulty when encountering subtle periodontal changes (Lennon et al. 2011) .
The sensitivity of PA radiographs in detecting PA changes was lower than CBCT, concurring with previous studies comparing the 2 imaging techniques (Stavropoulos and Wenzel 2007; Estrela et al. 2008; Patel et al. 2009 ; Paula-Silva et al. 2009). A histological reference standard to compare the 2 radiologic techniques was not possible because of the nature of this study. A longer-term follow-up in addition to more extensive clinical trials are currently ongoing. At present, routine use of CBCT to support the decision to undertake vital pulp therapy or root canal treatment is not recommended; however, CBCT is indicated to aid diagnosis of radiographic signs of PA pathosis when there are contradictory (nonspecific) signs and/ or symptoms (Patel et al. 2014 ).
Conclusions
The null hypothesis stating there is no difference in the dentinepulp response between Biodentine and Fuji IX clinically was accepted but not radiographically. The null hypothesis stating there is no difference in the effectiveness of CBCT and PA radiographs in detecting periradicular lesions following IPC in patients with symptoms of reversible pulpitis was rejected. CBCT detected lesions in teeth diagnosed clinically and using PA radiographs with reversible pulpitis. Although both Biodentine and Fuji IX are clinically effective when used as IPC materials in teeth with reversible pulpitis, CBCT demonstrated a statistically significant difference between the 2 materials. The majority of teeth with healing/healed lesions identified using CBCT had received Biodentine, whereas the majority of teeth with new/progressing lesions had received Fuji IX. However, further studies are needed to establish their effect on the healing dynamics of the PA tissues.
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